We present the results of crack-length measurements made in 6061-T6 aluminum samples. This was done using a specially designed specimen that creates a slow and controlled crack growth amenable to high-resolution image recording. Using digital image correlation (DIC) the full-field strain is measured as the strain field evolves in-front of the propagating crack. By "calibrating" a surface strain with the crack-tip location, this changing strain field clearly shows the crack propagation. By x-ray analysis a value of 10% strain is found to correspond to the crack-tip location for this specimen material and geometry. Subsequently, by analyzing the DIC results, a plot of crack-length versus extension is calculated. We present results from one crack calibration experiment and three test samples. More importantly, the surface strain field that evolves and tracks the crack is easily visualized and demonstrates the usefulness of the DIC technique for strain mapping. With further work, it is intended that this method may provide a faster and easier method of tracking sub-surface cracks as compared to traditional methods.
Introduction
Understanding fracture in engineering materials is an important endeavor that impacts design decisions in fields from aerospace to micro-machines. This information is not only critical for engineering design, but as validation and improvement for the many existing and developing computer algorithms to simulate fracture. One of the keys to understanding how materials fail involves making detailed experimental measurements, under controlled conditions, while being able to monitor the crack as it grows. We present the beginning of an experimental series that exploits the best qualities of digital image correlation (DIC) to measure the surface strains of a stable crack growth experiment in 6061-T6 aluminum and from this to extrapolate the crack length.
Digital image correlation has become a powerful full-field strain mapping measurement technique, due in large part to the ease-of-use and good resolution of the resulting measurements [1] . DIC offers a number of very intriguing new capabilities to the arsenal of the experimentalist; namely full-field results and scalability. This scalability in particular is beginning to bear fruit in areas of research at the nano-and micro-scale. Of course the greatest advantage of DIC over traditional strain gage methods is in the full-field measurement of the strain, rather than the single point measurements at a gage location. The benefit is obvious in tests such as this, where the strain field continuously evolves over the experiment as the crack tip extends. It should be noted that the strain resolution of DIC is not as good as a properly used strain gage. Resolution is typically a few 100 µε for DIC versus 1-10 µε for strain gages. Although it has lower strain resolution, another important advantage of DIC is that it does not suffer the vibration issues of the other popular full-field technique of electronic speckle pattern interferometry (ESPI). For many tests, including measurement of the failure of these aluminum specimens, this lower resolution is not a problem and is outweighed by the strengths of DIC.
Using DIC for crack studies is not a new endeavor; indeed a number of authors have used this method for investigations of crack-tip opening displacement (CTOD) measurements and crack tip opening angle (CTOA) measurements [2] [3] [4] [5] [6] . We seek to present a slightly different use for DIC in this field, that is, to track the crack by tracking the surface strain that corresponds to failure of the material. To do this, requires the assumption that the crack shape (as well as the stress and strain fields) is selfsimilar during "steady-state" propagation of the crack. "Steady-state" is defined here as being after initiation and prior to the final rapid unstable fracture. We recognize that during and immediately after initiation as well as during and immediately prior to the development of an unstable fracture, the states of stress, strain and the crack profile are quite complex and likely not self-similar. However, a minor disturbance at the start and finish of the event is not expected to significantly affect the results presented here. Further experiments are planned that will attempt to clarify and prove these assumptions for a Mode-I crack.
As the key to tracking a crack is in "calibrating" the relationship between the surface strain and the crack tip location, we present in this paper the results of an x-ray method for doing this. Due to ambiguity in the current results, other methods to better calibrate the crack-tip location are under development.
Experimental Setup
A stereo-DIC system was used to measure the 3D displacement of the sample under test as shown in Figure 1 . Two 4-Megapixel Redlake cameras were used for image acquisition, synchronized via a trigger from the computer. The load and load-line displacement were recorded with a data acquisition card simultaneously with the images. The lenses were zoom/macro lenses used in the macro setting for an approximately 50-mm field-of-view. This field-of-view enabled the cameras to remain stationary as the sample moved in front of the cameras as a result of the applied tension, with sufficient area to observe the entire length of the stable crack growth as it proceeded along the sample. One of the strengths of DIC is that rigid body motion of the stereo camera pair is not an issue and the cameras could track the area of interest if needed. However, relative motion between the cameras will invalidate the camera calibration and cause the measurement to fail. To prevent relative motions, the cameras were mounted by the lenses at the center of balance of the lens-camera system. This prevented the camera body from having to support a large cantilever load and significantly reduced camera and lens motion. Additionally, the cameras were mounted on a frame supported by the floor, rather than directly on the load frame. The large field-of-view was permitted by the high-resolution cameras, where the larger number of pixels is useful for generating a relatively small "virtual strain gage" with the DIC results. Illumination of the scene was provided by two halogen reading lamps. Care was taken to prevent the development of heat waves at the specimen, which can cause issues at these high optical magnifications. Calibration of the stereo camera pair was done using a standard reticle-type calibration grid designed for small fields-of-view. Correlated Solutions, Inc. software was used for all data acquisition, calibration and DIC data analysis. The back of the sample was instrumented with linear variable differential transformers (LVDTs) to measure the extension of the sample at three different places. The LVDTs may be seen in the left photo of Figure 1 , and the locations are illustrated on Figure 2 . This allowed the collected data to be plotted versus sample extension rather than cross-head movement. The load frame was a 220 Kip MTS model 661.31A-02 frame. The load frame was used in displacement control to load the sample at a quasi-static displacement rate and allowed the cameras operating at 4 Hz to capture the crack growth easily. The samples were painted with a black self-etching metal primer and then speckled with white paint that was "misted" onto the surface. This produced a nice contrasting pattern with appropriately sized speckles. The samples discussed in this paper were made from 6061-T6 rolled aluminum stock with the dimensions of the plate being 368.3 mm × 127 mm × 9.525 mm as illustrated in Figure 2 . The sample design is based on a layout by Newman [7] used in a round robin crack propagation test organized by NASA. The geometry was designed to create a stable crack growth region in the center of the specimen between the three holes. The original design did not have the side-groove, and resulted in undesirable crack growth that typically intersected one of the large strain relief holes. To help "guide" the crack, a 3.2-mm radius side-groove was added to create a strain concentration to direct the crack down the middle of the plate. This complication was made possible by the use of the 3D DIC technique that is able to accurately map strains onto complex 3D surfaces. As mentioned, mapping strains onto complex surface geometry is one of the strengths of DIC. The strain is calculated using the DIC-measured 3D displacement field and converting the displacements into in-plane strains using the Lagrangian strain formulation [2] :
where u,v and w = displacements relative to a coordinate system x, y, and z = coordinate system located at the crack ε xx , ε yy , and ε xy = surface strains based on the coordinate system.
Because the Lagrangian strain is calculated from a fit to the displacement gradient, the results utilize a user-specified number of displacement data points to calculate the strain. This is really analogous to having a "virtual" strain gage generated by the DIC software. The virtual gage length is a function of the pixel density, DIC solution step size, and the number of data points used for strain calculations. Typically the strain is calculated from an area consisting of 15 × 15 individual displacement data points. The competing requirements of obtaining a good displacement fit to minimize strain noise, and creating small virtual strain gages is an important consideration during DIC analysis. The high-resolution cameras and optimized speckle size in this experiment allowed a virtual gage that was small enough to visualized the high strain gradients found at the crack tip.
Crack Tip Calibration
The original experimental intent was to track a selected surface strain as it followed a crack across the sample. This constant strain value would in theory track the crack with some unknown yet unchanging offset. This level of detail was acceptable for capturing the material behavior for model development, but we thought better information could be obtained by calibrating the location of the crack with a characteristic surface strain. We report in this paper our first attempt to calibrate the surface strain with the crack-tip location. To do this we etched 1-mm spaced lines on the surface of the sample, outside the area of cracking just above the side-groove, but within the field of view. This allowed the DIC displacement coordinate system to be aligned with the x-ray images acquired to determine the true location of the crack tip. The procedure was to load the sample until the crack was observed growing and then stop, unload the sample, and take x-rays. This procedure was done twice and the results, for the first of the two stopping points, are shown in Figure 3 . The x-ray and DIC results are aligned by finding the correct hash mark on the x-ray, and the corresponding point on the DIC results. The line drawn in the figure is curved as it enters the radius as a result of the parallax caused by the off-axis camera image obtained with the DIC analysis. The parallax problem is removed by using the DIC-measured x-location from the aligned correlation results to find the true location of the crack tip corresponding to the x-ray hash mark. For Figure 3 , the ε yy strain at the crack-tip was measured to be 10%. The calibration procedure was repeated, stopping the crack at a different length, and again measuring the crack length with an xray image. A 10% surface strain was again found at the crack-tip location. While this method is not exact, the accuracy was within 0.5 mm. Once the equivalent surface strain for the crack-tip is found, in this case 10%, it can simply be tracked along the surface as the crack grows. To be valid for other tests, this exercise would need to be repeated for different materials or sample geometries. There was ambiguity in crack-tip locations for other related tests, and therefore, a new technique will be attempted to clarify these results in the near future. The proposed method will use fatigue cycling to mark the crack tip and crack profile at various points during the specimen failure. This can then be correlated with the correct grid line post-mortem to calibrate the surface strain at the crack tip. Another interesting note for these strain results is the excellent qualitative agreement in the surface strain data and that calculated for a Mode-I crack using the Tresca yield criterion [8] . This is the true strength of the DIC method; obtaining the fullfield strain results during the fracture of the specimen. This strain-field can be observed to move and change as the sample is loaded until the point of fracture, and then also used to track the growing crack. Other methods used to track fracture may have less ambiguity on the exact surface crack location, but do not yield the strain information. This defining advantage of DIC makes the added steps of crack-tip strain calibration worth the effort. The fracture surfaces displayed the standard slant fracture at 45-degrees to the x-axis of a predominantly plane-stress condition. That is the thickness of the sample was on the order of the plastic zone creating a loss of constraint characterized by slant fracture. This failure mechanism could be clearly seen in post-mortem examination of the failure zone, with the crack propagating in one of the two possible slant fracture planes as seen in Figure 4 . Interestingly, the slant plane switched at times, and these switches could be predicted by observing the evolution of the surface strains. 
Results
Three failed aluminum samples of identical material and configurations were analyzed after crack-tip calibration. Excellent agreement in crack extension and load was obtained for all three samples as shown in Figure 5 . This plot shows the loadextension curve as measured during failure of the specimen. The crack-length was measured by analyzing the DIC strain results using a LabVIEW software code developed for this purpose. To do this, data from the DIC software was output to a file, which could be imported into the software for analysis. The analysis software did an iterative search along the x-location of the center of the groove to find a strain of 10%. The x-location at this point was then taken as the crack-tip and the crack length was then calculated. This was done for each of the data points plotted in the figure until failure. Figure 6 illustrates this process by plotting sample Al5 with the DIC results for a selection of crack lengths along with the crack length data. For the ε yy strain profiles plotted on the surface in the crack region, the transition to the red contour indicates 10% strain and visually indicates the approximate location of the crack tip. The data plotted was obtained with the automated analysis software as described earlier. Load Al6
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Conclusions
A proposed method for measuring crack lengths via surface strain measurements is presented. This method is made possible by DIC techniques that yield the full-field surface strains during a crack failure experiment in conjunction with x-rays to find the exact crack location. By tracking a known surface strain, the crack length is unambiguously calculated for each load step. The surface strain corresponding to the crack tip was found via x-ray analysis to be 10% for this material and test configuration. Future plans will use fatigue marking to verify and refine this calibration. Ultimately, the desire is to be able to simply and quickly track sub-surface cracks by using the DIC measured surface strains. This ability would aid greatly in understanding material failure and in model development and validation. Successful experiments were also conducted on two stainless steels, 304L and 17-4PH. The experiments exemplify the strengths of DIC for materials testing, in that not only is the crack length measured, but the full-field evolving surface strains are measured as the specimen fails.
